Introduction
============

Increasing the solubility of poorly water-soluble drugs remains one of the most challenging aspects of formulation development.[@b1-ijn-9-1967],[@b2-ijn-9-1967] Numerous advanced functional materials, as well as new processes and technologies, have been investigated to provide more effective and versatile ways to address formulation issues associated with poorly water-soluble molecules.[@b3-ijn-9-1967] The development of solid dispersions (SDs), which are mainly obtained by melting or solvent evaporation,[@b4-ijn-9-1967] is one of the more promising strategies for improving the oral bioavailability of poorly water-soluble drugs.

In the traditional solvent-evaporation method, the drug and carrier are first dissolved in an organic solvent or solvent mixture, and the solvent is subsequently removed. Solvent-evaporation methods differ in the ways by which the solvents are removed to solidify the products, and different strategies have been developed for the rapid and effective removal of the solvents. These strategies include spraying (heat- or freeze-spraying) and drying (fluidized bed, freeze, microwave, or vacuum drying). Solvent-evaporation methods take advantage of phase changes and exploit thermal energy, wave energy, or mechanical energy to remove organic solvents.[@b5-ijn-9-1967]--[@b8-ijn-9-1967] One concern associated with these methods, however, involves the rapid removal of sufficient amounts of solvent from the coprecipitates. Solvent removal from coprecipitates is challenging, because the latter become increasingly viscous during the "drying" process, further hindering evaporation of the residual solvent. Also, crystal lattices are easily formed during drying, leading to crystalline-particle growth in the later stages of the drying process. Lattice growth arises from the mobility of the drug molecules, and may compromise the properties of the resulting SDs.[@b4-ijn-9-1967],[@b9-ijn-9-1967]

Electrohydrodynamic atomization (EHDA) techniques, including electrospinning, electrospraying, and e-jet printing, differ from all other top-down physical methods for nanotechnology, and produce materials at the nanoscale or microscale level directly through the interaction between electrical energy and processed fluids.[@b10-ijn-9-1967],[@b11-ijn-9-1967] This direct production does not involve any energy-transfer process before the energy, often in the form of mechanical, ultrasonic, laser, or microwave energy,[@b12-ijn-9-1967] is exploited to generate nano-objects.

Electrical energy from electrospinning has recently been exploited to remove organic solvents directly and produce polymer nanofibers.[@b13-ijn-9-1967],[@b14-ijn-9-1967] Liquids can readily interact with electrical energy.[@b15-ijn-9-1967] Electrospinning rapidly dries and solidifies microfluid jets, producing nanosized fibers very quickly (often in the order of 10^−2^ seconds).[@b16-ijn-9-1967],[@b17-ijn-9-1967] Provided favorable secondary interactions are available, the physical state of components in liquid solutions may be propagated into solid nanofibers. The final products have an advantageous 1-D nanoscale structure, and can contain poorly water-soluble drugs in an amorphous state. The reported nanofibers exhibit excellent performance in enhancing the dissolution rates of poorly-water soluble drugs, which suggests that electrospinning is essentially a useful tool for generating SDs of poorly water-soluble drugs.[@b18-ijn-9-1967]

Electrospraying, which is based on the principles of electrospinning, has grown in popularity because of its ability to fabricate particles easily. Electrospraying systems generally consist of four components that can take advantage of electrical energy: a syringe pump, a high-power supply, a spray head, and a collector. A significant feature of electrospraying is its ability to generate particles with a mean diameter that can be varied between hundreds of micrometers to tens of nanometers.[@b19-ijn-9-1967] This variation is achieved by careful control of the process parameters, including the flow rate, needle diameter, and applied voltage, as well as the chemical composition and concentration of the spraying solution. The process is simple and straightforward. Electrospraying has been utilized to produce materials with a wide range of applications in the pharmaceutical, ceramics, cosmetics, and food industries; electrospraying is particularly useful for biomedical applications, such as in drug delivery.[@b20-ijn-9-1967]

Compared with a single-fluid process, coaxial electrospraying, in which a concentric spray head accommodates two different liquids, can expand the capability of the technique of generating new micro/nanostructures. Using coaxial electrospraying, Loscertales et al first reported the preparation of core--shell microparticles with a droplet encapsulated in a polymer shell.[@b21-ijn-9-1967] The shells in these so-called core--shell nanostructures offer a number of functionalities, including protection of the core from the outside environment, maintenance of compositional and structural integrity, prevention of the core from aggregating or sintering into larger particles, selective percolation of molecules in and out of the interior of the shell, increases in solubility and/or biocompatibility, and the addition of new physical or chemical properties.[@b22-ijn-9-1967] Bottom-up approaches are often believed to be more suitable than top-down approaches for synthesizing core--shell structures.[@b23-ijn-9-1967] However, as a special top-down technology, coaxial EHDA processes have successfully been proven to be capable of generating macro/nanoscale core--shell nanostructures from the template of a concentric spray head, particularly from a concentric spinneret to produce core--sheath nanofibers using coaxial electrospinning.[@b24-ijn-9-1967]

Polymer-based SDs have been demonstrated to be suitable for formulating poorly water-soluble drugs in the amorphous state, leading to enhancement of dissolution rates and bioperformance.[@b25-ijn-9-1967] Polyvinylpyrrolidone (PVP), also commonly called polyvidone or povidone, is a water-soluble polymer made from the monomer *N*-vinylpyrrolidone.[@b26-ijn-9-1967] It has a wide variety of applications in medicine, pharmacy, cosmetics, and industrial production.[@b9-ijn-9-1967] In the pharmaceutical field, PVP series are widely used as excipients, and are particularly suitable for the preparation of SDs by the solvent method. This is due to their good solubility in water and a lot of organic solvents, rapid uptake of water, and their ability to circumscribe crystallization of dispersed drugs.[@b18-ijn-9-1967] In electrospinning applications, PVP has been broadly explored as a filament-forming matrix to fabricate functional nanofibers for such applications as drug-containing nanofibers, inorganic--organic composites, inorganic nanofibers, precursors for organic peroxide nanofibers, and liposomes.[@b9-ijn-9-1967],[@b18-ijn-9-1967],[@b25-ijn-9-1967] To electrospray poorly water-soluble drug and PVP into drug-loaded microparticles may expand their advantages as drug carriers in SDs. In this paper, we report the preparation of SDs in the form of core--shell microparticles via the coaxial electrospraying process using PVP as a polymer matrix and acyclovir (ACY) as a poorly water-soluble model drug.

Materials and methods
=====================

Materials
---------

PVP K30 (molecular weight 58,000) was purchased from BASF (Shanghai, People's Republic of China). ACY was obtained from Zhejiang Charioteer Pharmaceutical (Hangzhou, People's Republic of China). Methylene blue, sucralose, and sodium dodecyl sulfate (SDS) were provided by Sinopharm Chemical Reagent (Shanghai, People's Republic of China). *N*, *N*-dimethylacetamide (DMAc) and anhydrous ethanol were provided by Shanghai Shiyi Chemicals Reagent (Shanghai, People's Republic of China). Epoxy (EP) resin and its hardener were purchased from Jiaojiang Qinfeng Chemical Plant (Taizhou, People's Republic of China). All chemicals used were of analytical grade. Water was double-distilled just before use.

Fabrication of the epoxy-coated concentric spray head and the coaxial electrospraying process
---------------------------------------------------------------------------------------------

A codissolving solution of 10% (w/v \[weight/volume\]) PVP and 4% (w/v) ACY in a mixed solvent of DMAc:ethanol (4:6, v:v \[volume/volume\]) was used as the core fluid. To optimize experimental conditions, 10 parts per million methylene blue was mixed with the core fluids as a marker. The shell liquid consisted of 10% (w/v) PVP, 0.2% (w/v) SDS, and 0.5% (w/v) sucralose in a mixed solvent of water:ethanol (0.5:9.5, v:v).

A homemade EP-coated concentric spray head was developed for the coaxial electrospraying process. A DSA100 drop-shape analysis system (Krüss, Hamburg, Germany) was used in the experiments to investigate surface interactions between the shell fluids and the spray head.

Two syringe pumps (Cole-Parmer^®^ KDS100 and KDS 200; Thermo Fisher Scientific, Waltham, MA, USA) were employed to drive the sheath and core fluids. A metal clip was used to connect the spinneret to a high-voltage supply (Shanghai Sute Electrical Co. Ltd, Shanghai, People's Republic of China), and the applied voltage was 20 kV. The microparticles were collected on a metal collector wrapped with aluminum foil, and kept at a fixed distance of 20 cm away from the needle tip of the spinneret. The coaxial processes were recorded using a digital video recorder (PowerShot A640; Canon, Tokyo, Japan) under 11× magnification. All of the electrospraying processes were carried out under ambient conditions (22°C±3°C, relative humidity 52%±6%). Other parameters are listed in [Table 1](#t1-ijn-9-1967){ref-type="table"}. The microparticles obtained were dried for at least 24 hours at 40°C under vacuum (320 Pa) in a DZF-6050 electric vacuum-drying oven (Shanghai Laboratory Instrument Work, Shanghai, People's Republic of China) to facilitate the removal of residual organic solvent and moisture, and then kept in a desiccator for characterization.

Morphology of the microparticles
--------------------------------

The morphology of the core--shell microparticles was assessed using an S-4800 field-emission scanning electron microscope (FESEM; Hitachi, Tokyo, Japan). The average size of the microparticles was determined by measuring the diameters of over 100 microparticles captured by FESEM images using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

The topographies of raw material particles as well as composite microparticles were observed under cross-polarized light using an XP-700 polarized optical microscope (Shanghai Changfang Optical Instrument, Shanghai, People's Republic of China). Transmission electron microscopy (TEM) images of the samples were taken on a JEM 2100F field-emission transmission electron microscope (JEOL, Tokyo, Japan). TEM samples of core--shell microparticles were prepared by fixing a lacey carbon-coated copper grid to the metal collector. Microparticles were sprayed directly onto the grid.

Physical status of the microparticle components and their compatibility
-----------------------------------------------------------------------

X-ray diffraction (XRD) analysis was performed on a D/Max-BR diffractometer (Rigaku, Tokyo, Japan) with Cu Kα radiation in the 2θ range of 5°--60° at 40 mV and 300 mA. Differential scanning calorimetry (DSC) was performed using an MDSC 2910 differential scanning calorimeter (TA Instruments, New Castle, DE, USA). Sealed samples were heated at a rate of 10°C · minute^−1^ from ambient temperature (21°C) to 300°C. The nitrogen gas flow rate was set to 40 mL · minute^−1^. Attenuated total reflectance--Fourier-transform infrared (ATR--FTIR) analysis was performed on a Nicolet-Nexus 670 FTIR spectrometer (Nicolet Instrument, Madison, WI, USA) over the range of 500--4,000 cm^−1^ and a resolution of 2 cm^−1^.

Functional performance of the microparticles
--------------------------------------------

### In vitro dissolution tests

In vitro dissolution studies were performed according to the Chinese Pharmacopoeia (2005 edition). Method II, a paddle method using an RCZ-8A dissolution apparatus (Tianjin University Radio Factory, Tianjin, People's Republic of China), was carried out.

The core--shell microparticles M2 (204 mg) or M3 (146 mg) or 20 mg of crude ACY particles (\<100 μm) were placed in 600 mL of phosphate-buffered saline (PBS; pH 6.8, 0.1 M) at 37°C±1°C, 50 rpm, and sink conditions of *C*\<0.2*C*~s~. At predetermined time intervals, samples of 5.0 mL were withdrawn and replaced with fresh medium to maintain a constant volume. After filtration through a 0.22 μm membrane (EMD Millipore, Billerica, MA, USA) and appropriate dilution with PBS, the sample solutions were analyzed at 252 nm using an ultraviolet (UV) spectrophotometer (Unico Instrument, Shanghai, People's Republic of China). All measurements were carried out six times.

### In vitro buccal permeation studies

In vitro permeation studies were performed using an RYJ-6A diffusion test apparatus (Shanghai Huanghai Drug Control Instrument, Shanghai, People's Republic of China), in which materials were mounted in six Keshary-Chien glass diffusion cells, and a water-bath system maintained a constant temperature of 37°C±0.2°C. Each cell had a diffusion area of 2.60 cm^−2^, and the receptor compartment had a capacity of 7.2 mL.

Porcine sublingual mucosa samples obtained from a local abattoir within 2 hours of slaughtering were mounted between the donor and receptor compartments of the diffusion cells with the mucosal surface facing up. Each donor compartment was filled with 1.0 mL of PBS, and the hydrodynamics in the receptor compartment were maintained by stirring with a Teflon-coated magnetic bead at 100 rpm. The sublingual membranes were equilibrated for 30 minutes before the permeation tests.

The core--shell microparticles M2 (1.398 mg) or M3 (1.000 mg) or 0.137 mg of crude ACY particles (\<100 μm) were placed on the mucosal surface. Samples (1.0 mL) were withdrawn from the receptor compartment at timed intervals and filtered through a 0.22 μm membrane (EMD Millipore). Absorption was measured at 252 nm as previously described. All measurements were carried out six times.

Results and discussion
======================

Epoxy-coated concentric spray head and the coaxial electrospraying process
--------------------------------------------------------------------------

A schematic of the coaxial electrospraying process is shown in [Figure 1A](#f1-ijn-9-1967){ref-type="fig"}, and a digital picture of the homemade EP-coated concentric spray head is shown in [Figure 1B](#f1-ijn-9-1967){ref-type="fig"}. The EP-coated concentric spray head was prepared by simply inserting a small stainless steel tube (27 G, outer and inner diameters of 0.42 and 0.21 mm, respectively) into a large stainless steel tube (18 G, outer and inner diameters of 1.25 and 0.84 mm, respectively) and then coating the outer steel tube with an EP and hardener mixture. The EP coating facilitates the coaxial process in two ways: 1) as an antistatic polymer, EP can effectively retard the loss of electrical energy from the working fluid to the environment,[@b27-ijn-9-1967] and 2) the small interfacial tension between the EP and the working fluid exerts few negative influences on the formation of the compound Taylor cone and emission of the straight fluid jets. An experiment on the wetting angles of the sheath fluid on an EP-coated plate and a stainless steel plate was conducted, and results are shown in [Figure 1C](#f1-ijn-9-1967){ref-type="fig"} and [D](#f1-ijn-9-1967){ref-type="fig"}. The wetting angles of the sheath fluid on the EP surface and steel plate were 95° and 40°, respectively, which indicates that the surface tension between the EP and shell solution was smaller than that between the steel plate and shell solution.

Digital images of the apparatus arrangement and the connection between power supply and spray head are shown in [Figure 2A](#f2-ijn-9-1967){ref-type="fig"} and [B](#f2-ijn-9-1967){ref-type="fig"}. A typical coaxial electrospraying process under an applied voltage of 20 kV with shell and core flow rates of 0.7 and 1.0 mL · hour^−1^, respectively, is shown in [Figure 2C](#f2-ijn-9-1967){ref-type="fig"}. "A" indicates the explosion processes of the droplets during electrospraying that were faster than the camera-taken photos at a speed of 30 frames per second, where droplets could not be discerned. However, further increased applied voltage resulted in the division of concentric fluids ([Figure 2D](#f2-ijn-9-1967){ref-type="fig"}), which was unfavorable for the formation of core--shell structures and should be avoided. With methylene blue as a color marker, the compound Taylor cone for preparing both M2 and M3 microparticles can be obviously discerned, as shown in [Figure 2E](#f2-ijn-9-1967){ref-type="fig"} and [F](#f2-ijn-9-1967){ref-type="fig"}, respectively.

Morphologies and core--shell structures of the microparticles
-------------------------------------------------------------

Single-fluid electrospraying of the core fluid did not generate solid products, whereas single-fluid electrospraying of the shell solution resulted in typical spindles on a line morphologies ([Figure 3A](#f3-ijn-9-1967){ref-type="fig"}). When the core fluids were introduced into the shell fluids at an excessive rate of 1.0 · mL hour^−1^, the core fluids were able to penetrate the shell solutions to generate products with mixed morphologies of clumps, fibers, particles, and beads/spindles on a line ([Figure 3B](#f3-ijn-9-1967){ref-type="fig"}). Therefore, a suitable core-to-shell fluid rate ratio was important for conducting coaxial electrospraying. At rates of 0.4 and 0.7 · mL hour^−1^, the resultant microparticles had average sizes of 1.36±0.67 and 1.74±0.58 μm ([Figure 3C](#f3-ijn-9-1967){ref-type="fig"} and [D](#f3-ijn-9-1967){ref-type="fig"}). Both M2 and M3 microparticles had many satellites visible on their surface. TEM images clearly demonstrated that M2 and M3 microparticles had core--shell structures ([Figure 4](#f4-ijn-9-1967){ref-type="fig"}). As expected, M2 microparticles ([Figure 4A](#f4-ijn-9-1967){ref-type="fig"}) had a thicker shell than M3 microparticles ([Figure 4B](#f4-ijn-9-1967){ref-type="fig"}) although they had a smaller average size.

Physical status of the microparticle components
-----------------------------------------------

XRD and DSC analyses were performed to determine the physical status of the components of core--shell microparticles. As shown in [Figure 5A](#f5-ijn-9-1967){ref-type="fig"}, the presence of numerous distinct peaks in the XRD patterns indicated that ACY, sucralose, and SDS were present as crystalline materials with characteristic diffraction peaks, as also demonstrated by the colorful images of their crude particles ([Figure 5B](#f5-ijn-9-1967){ref-type="fig"}--[D](#f5-ijn-9-1967){ref-type="fig"}) under polarized light. PVP diffraction exhibited a diffused background pattern, with two diffraction halos indicating that the polymer was amorphous. The patterns of the M2 and M3 microparticles showed no characteristic reflections of the crude components, and instead comprised diffuse halos. Unlike the observations on crystalline materials, PVP and the core--shell microparticles showed no bright colors, suggesting that PVP and the microparticles were amorphous ([Figure 5E](#f5-ijn-9-1967){ref-type="fig"} and [F](#f5-ijn-9-1967){ref-type="fig"}).

The DSC thermograms are shown ([Figure 6](#f6-ijn-9-1967){ref-type="fig"}), and the DSC curve of pure ACY and sucralose exhibited a single endothermic response corresponding to melting points of 257°C and 130°C, respectively. SDS had a melting point of 182°C, followed by a decomposition temperature of 213°C. As an amorphous polymer, PVP K30 did not show any fusion peak or phase transition, apart from a broad endothermic peak caused by dehydration, which lies between 80°C and 120°C with a peak at 85°C. DSC thermograms of the M2 and M3 microparticles did not exhibit any melting peak of small molecules. The microparticles had a broad endothermic peak, ranging within about 60°C--100°C. However, the decomposition bands of SDS in the core--shell microparticles were narrower and higher than those of pure SDS. The peak temperatures of decomposition shifted from 204°C. These results suggested that ACY, SDS, and sucralose were no longer present as a crystalline material, but had been converted into an amorphous state in their respective parts in the core--shell microparticles.

Secondary interactions among the components
-------------------------------------------

Compatibility among components is essential for producing high-quality and stable composite microparticles. Second-order interactions, such as hydrogen bonding, electrostatic interactions, and hydrophobic interactions, can often improve compatibility.[@b9-ijn-9-1967] The molecular structures of the four components are shown in [Figure 7](#f7-ijn-9-1967){ref-type="fig"}. ACY and sucralose molecules possess free hydroxyl groups that could act as potential proton donors for hydrogen bonding. SDS has S=O groups, and PVP has carbonyl groups that could act as proton receptors. Therefore, hydrogen bonding may occur within the core--sheath nanofibers through interactions determined by the specific presence of these groups.

ACY molecules have both --OH and --C=O groups; therefore, hydrogen bonding can form between drug molecules. This phenomenon can be verified from the ATR-FTIR spectra showing sharp peaks for pure crystalline ACY at 1,698 and 1,632 cm^−1^ ([Figure 7](#f7-ijn-9-1967){ref-type="fig"}), and these peaks represent the stretching vibration of --C=O groups in a different state. However, all peaks of ACY were absent in the core--shell microparticles when samples were evaluated using ATR-FTIR spectra. Only one large peak at 1,654 cm^−1^ could be identified for the core--shell microparticles. This result indicated that hydrogen bonding between the PVP carbonyl and oxydryl groups of the ACY molecule occurred. Meanwhile, interaction of ACY with the polymer renders the structure less likely to form the dimers that are necessary for constructing a crystal lattice.

The occurrence of hydrogen bonding was supported by the following findings: 1) disappearance of the absorbance of --C=O groups in ACY, 2) shift to lower wavenumbers of peaks assigned to C=O stretching vibrations in PVP (from 1,663 cm^−1^ to 1,654 cm^−1^ for the core--shell microparticles), 3) disappearance of multiple peaks within 3,000--4,000 cm^−1^ (related to O--H stretching vibrations in sucralose and ACY), and 4) presence of some peaks in the finger region of the ACY spectrum in decreased intensities, or even total disappearance in the spectra of microparticles M2 and M3.

The absorption of SDS (C--H stretching) at 2,917 and 2,850 cm^−1^ and PVP (C--H stretching) at 2,954 cm^−1^ were not observed in the core--sheath nanofibers compared with single SDS and PVP. However, the broader and weaker band at 2,918 cm^−1^ indicated hydrophobic interactions between PVP and SDS molecules. Although electrostatic interactions cannot be determined from the ATR-FTIR spectra, they existed between the negatively charged SDS head group and the nitrogen atom on the pyrrolidone ring of PVP,[@b28-ijn-9-1967] as well as between the negatively charged PVP oxygen (N^+^=C--O--) and the electron-poor C-1′ of SDS,[@b29-ijn-9-1967] as shown in [Figure 7](#f7-ijn-9-1967){ref-type="fig"}.

These results indicated that a combination of hydrogen bonding and some hydrophobic and electrostatic forces can provide an environment that stabilizes the structure to give a high degree of compatibility among the components that make up the core--shell microparticles. In turn, a homogeneous structure that influences both the stability of SDs and the even dispersion of the drug is created, thereby facilitating the dissolution of ACY from the microparticles.

Functional performances of the microparticles
---------------------------------------------

### In vitro dissolution tests

ACY has a UV absorbance peak at 252 nm, whereas the other components PVP, SDS, and sucralose have no absorbance at this wavelength. Using this parameter, the ACY content was determined by UV spectroscopy, and samples were calculated from the calibration curve *A*=0.05908*C* + 0.00515 (*R*=0.9999), where *C* is the concentration of ACY (μg · mL^−1^), and *A* is absorbance at 252 nm (linear range 2--20 μg · mL^−1^).

A comparison of the in vitro dissolution profiles of ACY from core--shell microparticles with those of crude ACY particles (≤100 μm) is shown in [Figure 8](#f8-ijn-9-1967){ref-type="fig"}. Using a slide glass to collect 10 minutes of microparticles M2 and M3 and then placing a drop of water on them revealed that all microparticles were simultaneously dissolved. After natural drying, observations under cross-polarized light of the transparent membranes revealed larger and brighter dots in M3 than in M2, suggesting the recrystallization of ACY and a high ACY content in M3 ([Figure 8B](#f8-ijn-9-1967){ref-type="fig"} and [C](#f8-ijn-9-1967){ref-type="fig"}). The microparticles released all encapsulated ACY within 1 minute, whereas only 37.7% of drug was released from the ACY particles after dissolution in media for 1 hour.

The core--shell microparticles had the following essential properties for improving the dissolution rates of poorly water-soluble drugs. First, PVP was hygroscopic and hydrophilic, and polymer--solvent interactions were stronger than polymer--polymer attraction forces. Therefore, the polymer chain rapidly absorbed solvent molecules to increase the volume of the polymer matrix and allow the polymer chains to loosen out from their coiled shape. Furthermore, the microparticles had a small diameter and a high surface-to-volume ratio, which indicated a large surface area for the drug to be in contact with the dissolution media. Second, the surfactant SDS facilitated the electrospraying process by reducing the surface tension of the shell fluids and enhanced the hydrophilicity and wettability of the core--shell microparticles, thereby promoting their fast-disintegration processes to release ACY contained in the core parts. Third, the fast dissolution of the core--shell microparticles augmented the local concentrations of supersaturated drug solution, especially in the presence of PVP and SDS. Correspondingly, drug gradients increased for the rapid diffusion of molecules to the dissolution media. Fourth, the drug and matrix polymer formed composites at the molecular level to avoid the crystal lattice energy that must be overcome to dissolve the raw ACY powders.

The synergistic actions of the aforementioned factors can almost simultaneously dissolve ACY molecules with PVP and SDS molecules. In other words, the capability of these microparticles to significantly improve the dissolution rate of poorly water-soluble drugs can be attributed to the reasonable selections of drug carriers, unique properties of microparticles, and amorphous drug status in the filament-forming matrix.

### In vitro permeation properties

A comparison of the in vitro permeation profiles of ACY from core--shell microparticles with those of raw ACY particles is shown in [Figure 9](#f9-ijn-9-1967){ref-type="fig"}. The cumulative permeation percentages after half an hour for the core--shell M2 and M3 microparticles and ACY powders were 46.7%, 47.4%, and 6.6%, respectively. Regression values from the linear release time equations were estimated for the core--shell M2 and M3 microparticles and raw ACY powders, ie, *Q*~M2~ =2.1524*t* + 2.5953 (*R*=0.9866, *t*≤30 minutes), *Q*~M3~ =2.1619*t* + 2.4762 (*R*=0.9877, *t*≤30 minutes) and *Q*~ACY~ =0.2734*t* + 2.0292 (*R*=0.9941, *t*≤30 minutes), respectively (*Q* is the total permeation of ACY in micrograms, and *t* is the time in minutes). Therefore, the core--shell M2 and M3 microparticles and raw ACY powders had permeation rates of 0.823, 0.831, and 0.105 μg · minute^−1^ · cm^−2^, respectively.

The core--shell microparticles yielded a permeation rate of ACY that was almost eightfold faster than that of crude ACY powders. The faster permeation rates from the core--shell microparticles can be explained as follows. Permeability across the sublingual mucosa is a passive diffusion process, and thus the faster dissolution of ACY leads to an increased drug-concentration gradient on the mucosal surface. This phenomenon facilitates rapid partitioning of drug into the sublingual mucosae and subsequent permeation. Meanwhile, the SDS released from the shell of the microparticles also improved permeation by extracting intercellular lipids acting as a rate-limiting barrier to the transport of ACY molecules.[@b30-ijn-9-1967] The ACY-loaded core--sheath nanofiber SDs with an average diameter of 410±94 nm have been reported to rapidly free drug within 1 minute and provide more than sixfold-increased permeation rates across sublingual mucosa compared to crude ACY particles.[@b18-ijn-9-1967] Although the present core--shell microparticles were more than threefold larger than the nanofibers, they exhibited a better effect in enhancing the dissolution and permeation of ACY. This should be attributed to the fact that PVP K30 (as a matrix of microparticles) has a smaller molecular weight than PVP K60 (as a matrix of nanofibers), and thus can dissolve faster correspondingly.

In addition to the advantages of improving the solubility behavior and permeation properties of ACY, the core--shell SDs were easier to postprocess, because they have good drug stability, attributed to the steric constraint provided by the small diameter of microparticles and the "nanocoating" effect of the shell on the core drug-loaded region. Therefore, the recrystallization and possible growth of a crystal lattice can be effectively avoided. Within this context, the artificial sweetener sucralose has recently gained popularity because it is 600 times more effective by weight than sucrose, and does not have the bitter aftertaste attributed to many nonnutritive sweeteners. Sucralose is US Food and Drug Administration-approved, and is now used as a general-purpose sweetener in foods, beverages, dietary supplements, and medical foods. The positioning of sucralose in the shell part effectively provides an acceptable taste for patients if SDs are further developed as oral drug-delivery systems.[@b31-ijn-9-1967]

Conclusion
==========

A new coaxial electrospraying process was successfully developed, which was characterized by the usage of a new type of concentric spray head with an EP coating. Novel structural SDs of ACY in the form of core--shell microparticles were generated using the developed coaxial processes, despite the core mixed solutions being unprocessable using one-fluid electrospraying. The drug contents of the microparticles are tunable simply through the flow rates of the core drug-loaded solutions within a suitable range. The two types of microparticles prepared in this study had average diameters of 1.36±0.67 and 1.74±0.58 μm, respectively. They were essentially a combination of nanocomposites with the active ingredient ACY distributed in the inner core, and the sweeter and transmembrane enhancer localized in the outer shell. The components of both the core and the shell presented amorphous states, because of the favorable interactions between them and the polymer matrix. The microparticles provided faster dissolution and permeation rates of ACY, because of the core--shell structure, the tailored positional distributions of components, the amorphous state of ACY, and the physicochemical properties of the selected polymer matrix and the other excipients. This study provided an example of the systematic design, preparation, characterization, and application of a novel type of SD consisting of multiple components and with unique structural characteristics. This microparticle structure can enhance the dissolution and permeation performance of a series of poorly water-soluble drugs, and should thus be further developed for novel oral or sublingual drug-delivery systems.
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![(**A**) Diagram of the coaxial electrospraying process. (**B**) Digital photograph of the epoxy-coated concentric spray head. (**C** and **D**) Contact angles of the shell fluid on a stainless steel plate and an epoxy-coated surface, respectively.](ijn-9-1967Fig1){#f1-ijn-9-1967}

![(**A**--**F**) Photographs of the coaxial electrospraying process setup and the optimization of parameters. (**A**) Arrangement of apparatuses used in this work; (**B**) connection of the spray head with the power supply; (**C**) typical coaxial electrospraying process under an applied voltage of 20 kV with sheath and core flow rates of 0.7 and 1.0 mL · hour^−1^, respectively ("A" indicates the faster explosion processes of the droplets than photos taken by a camera); (**D**) divided electrospraying processes obtained under an excessive voltage of 25 kV; and (**E** and **F**) typical compound Taylor cone at a sheath flow rate of 1.0 mL · hour^−1^ and core flow rates of 0.4 and 0.7 mL · hour^−1^, respectively. The poorly water-soluble drug acyclovir (ACY) has poor solubility in a series of typical organic solvents, such as methanol, ethanol, chloroform, and acetone. ACY also has a high melting point (257°C). Therefore, reports on the use of this drug in solid dispersions (SDs) using traditional melt and solvent-evaporation technologies are few. Although ACY is soluble in dimethylacetamide (DMAc), polyvinylpyrrolidone (PVP) cannot be electrosprayed into microparticles under these conditions, because of its high boiling point (166°C) and poor volatility. Therefore, preparing microparticulate SDs of ACY by single-fluid electrospraying is impossible, because of the lack of appropriate solvent in which all components can dissolve together. Meanwhile, the solutions can be processed using electrospraying. For coaxial electrospraying, similar to coaxial electrospinning, the core solution does not need to be processable by electrospraying, and the shell solution acts as a guide and surrounds the core liquid. The shell solution is critical, and the selected shell systems should be processable by themselves to facilitate formation of a core--shell structure in the microparticles. Therefore, although the core solution consisted of 10% (w/v) PVP and 4% (w/v) ACY in a mixed solvent of DMAc:ethanol (4:6, v:v), the system was not processable by electrospraying. Nevertheless, the shell fluid consisting of 10% (w/v) PVP, 0.2% (w/v) sodium dodecyl sulfate, and 0.5% (w/v) sucralose in a mixed solvent of water:ethanol (0.5:9.5, v:v) was able to ensure a smooth coaxial electrospraying process and the formation of solid core--shell microparticles.](ijn-9-1967Fig2){#f2-ijn-9-1967}

![(**A**--**D**) Field-emission scanning electron microscopy images of the microparticles and their diameter distributions. (**A**) M1, (**B**) M4, (**C**) M2, and (**D**) M3.](ijn-9-1967Fig3){#f3-ijn-9-1967}

![Transmission electron microscopy images of (**A**) M2 and (**B**) M3.](ijn-9-1967Fig4){#f4-ijn-9-1967}

![(**A**) X-ray diffraction patterns of the raw materials and nanofibers. (**B**--**F**) Morphologies of acyclovir (ACY) particles, sucralose particles, sodium dodecyl sulfate (SDS) particles, polyvinylpyrrolidone (PVP) particles, and the prepared core--shell microparticles (M3), respectively, viewed under cross-polarized light.](ijn-9-1967Fig5){#f5-ijn-9-1967}

![Differential scanning calorimetry (DSC) thermograms of the raw materials and M2 and M3 microparticles. DSC and X-ray diffraction results demonstrated that the functional molecules (acyclovir \[ACY\]) and also the excipients (sucralose and sodium dodecyl sulfate \[SDS\]) were highly distributed throughout the polyvinylpyrrolidone (PVP) matrix, and were present in a complex manner where the original structure of pure materials was lost. Electrospraying, similar to electrospinning, is an inherently appropriate method for preparing solid dispersions. The fast-drying electrospraying process can randomly "freeze" the drug molecules in the solid-polymer matrix into a state comparable to a liquid form. This can prevent phase separation, eg, recrystallization of either drug or matrix, during solvent removal.](ijn-9-1967Fig6){#f6-ijn-9-1967}

![Attenuated total reflectance--Fourier-transform infrared spectra of the crude materials and microparticles, and molecular structures of polyvinylpyrrolidone (PVP), acyclovir (ACY), sucralose, and sodium dodecyl sulfate (SDS).](ijn-9-1967Fig7){#f7-ijn-9-1967}

![(**A**) In vitro drug-release profiles (n=6). (**B** and **C**) Recrystallization of acyclovir (ACY) after natural drying and fast dissolution of the spread M2 and M3 microparticles, respectively, when a drop of water was placed on them.](ijn-9-1967Fig8){#f8-ijn-9-1967}

![In vitro permeation profiles of acyclovir (ACY) powders and core--shell microparticles solid dispersions (n=6).](ijn-9-1967Fig9){#f9-ijn-9-1967}

###### 

Parameters used for electrospraying, and details of the particle products

       Process   Flow rate of fluid (mL/hour)   Drug content in products   Morphology[c](#tfn3-ijn-9-1967){ref-type="table-fn"}   Diameter (μm)        
  ---- --------- ------------------------------ -------------------------- ------------------------------------------------------ -------------------- -----------
  M1   Single    1.0                            --                         0                                                      Spindles in a line   --
  M2   Coaxial   1.0                            0.4                        9.8%                                                   Sphere               1.36±0.67
  M3             1.0                            0.7                        13.7%                                                  Sphere               1.74±0.58
  M4             1.0                            1.0                        16.2%                                                  Mixed                --

**Notes:**

The sheath fluid consists of 10% (w/v) polyvinylpyrrolidone (PVP), 0.2% (w/v) sodium dodecyl sulfate, and 0.5% (w/v) sucralose in a mixed solvent of water:ethanol (0.5:9.5, v:v)

the core fluid consists of 10% (w/v) PVP and 4% (w/v) acyclovir in a mixed solvent of dimethylacetamide:ethanol (4:6, v:v)

spindles on a line refers to morphologies with some beads or spindles on the nanofibers, mixed morphology refers to the features of clumps, lines, and spindles/beads on a line.
